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Abstract The Atacama B-Mode Search (ABS) instrument is a cryogenic (∼10 K)
crossed-Dragone telescope located at an elevation of 5190 m in the Atacama
Desert in Chile that observed for three seasons between February 2012 and Oc-
tober 2014. ABS observed the Cosmic Microwave Background (CMB) at large
angular scales (40 < ℓ < 500) to limit the B-mode polarization spectrum around
the primordial B-mode peak from inflationary gravity waves at ℓ∼ 100. The ABS
focal plane consists of 480 transition-edge sensor (TES) bolometers. They are cou-
pled to orthogonal polarizations from a planar ortho-mode transducer (OMT) and
observe at 145 GHz. ABS employs an ambient-temperature, rapidly rotating half-
wave plate (HWP) to mitigate systematic effects and move the signal band away
from atmospheric 1/ f noise, allowing for the recovery of large angular scales. We
discuss how the signal at the second harmonic of the HWP rotation frequency can
be used for data selection and for monitoring the detector responsivities.
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21 Introduction
Thomson scattering at recombination linearly polarizes the CMB. This polariza-
tion can be decomposed into even (E-mode) and odd (B-mode) parity components.
An inflationary period in the early universe might have produced gravitational
waves, which produce both E-modes and B-modes at recombination. Scalar den-
sity perturbations can also source E-modes but not B-modes, so the detection of
a primordial B-mode signal would be clear evidence for inflation. ABS observed
the CMB on large angular scales for three seasons from February 2012 to October
2014 with the aim of measuring or limiting the B-mode spectrum from multipole
moments of ℓ≈ 40 to ℓ ≈ 500, a range that includes the primordial B-mode peak
at ℓ∼ 100 whose amplitude would give the energy scale of inflation [1, 2]
2 The Atacama B-mode Search Instrument
The ABS instrument is a crossed-Dragone telescope located at an elevation of
5190 m in the Parque Astrono´mico in Chile. The primary ABS field is a∼2400 square
degree, low-foreground patch below the Galactic plane centered at (RA, DEC) =
(25◦,-42◦). ABS has an angular resolution of 32′ full width at half maximum and
an array NEQ1 of ∼30 µK√s. The telescope employs 60 cm mirrors and a 25 cm
aperture stop cooled to 4 K by a system of two pulse-tube coolers to reduce load-
ing and increase sensitivity [3]. The focal plane is cooled to a base temperature of
300 mK by a 3He/4He adsorption refrigerator system [4].
The ABS focal plane array contains 240 pixels (480 detectors) that are de-
signed for operation at 145 GHz and fabricated at the National Institute of Stan-
dards and Technology [5, 6, 7]. The detectors are feedhorn-coupled TES bolome-
ters with on-chip band-defining filters. Each pixel has two MoCu TES bolometers
coupled to orthogonal polarizations from the OMT [6]. The TESes are kept stable
via negative electrothermal feedback and are read out with time-domain multi-
plexing. The two halves of the ABS array were fabricated in two batches, batch A
and batch B. Due to unexpected shifts in the dielectric constant between fabrica-
tions, batch B has a bandpass shifted up by ∼ 15 GHz.
The ABS HWP is an ambient-temperature 330 mm diameter α-cut sapphire
plate that is 3.15 mm thick with 305 µm anti-reflection (AR) coatings of Rogers
RT/Duroid 6002 fluoropolymer laminate [3]. The HWP is rotated continuously on
air bearings at f = 2.55 Hz, which modulates the incoming polarization in the
bolometer timestreams at 4 f . The modulation is good for controlling systematics,
eliminates the need for differencing timestreams from orthogonal pairs of detec-
tors to gain polarization sensitivity, and reduces the sensitivity loss associated with
filtering the timestreams. Additionally, the ABS HWP is the first optical element
of the telescope, which allows the separation of instrumental polarization and sig-
nal polarization. The HWP modulation permits the measurement of celestial po-
larization at frequencies well above the 1/ f knee (∼1 Hz) of the atmosphere. The
median knee frequency of the detectors after demodulation is 2.0 mHz, which
allows for the recovery of information from large angular scales [8]. The HWP
1 Noise equivalent sensitivity to a single linear Stokes parameter (Q or U)
3also enables the characterization of the ABS instrument in new ways, which we
describe in the following.
3 Second Harmonic of the HWP
The detector timestream is composed of the unpolarized sky intensity, the modu-
lated polarization signal, white noise, and spurious modulation signals A(χ) that
depend on the HWP angle χ; A(χ) consists of components at every harmonic n
of the HWP rotation frequency [8]. The n = 2 component, A2(χ), is a sinusoidal
signal at the second harmonic of the HWP rotation frequency. This 2 f signal has
a contribution from differential emissivity along the two crystal axes of the sap-
phire HWP and an additional contribution from differential transmission through
the HWP. One source of differential transmission arises because the loss tangents
along the two crystal axes of the sapphire are different. The second contribution
is a result of differential reflection due to the different indices of refraction for
the two axes. The signal due to differential transmission scales linearly with sky
temperature and thus with precipitable water vapor (PWV) for low PWV. The
loading from the PWV changes as a function of elevation θ as 1/sin θ . In the
ABS observations of the primary field, the elevation varies by less than 3◦, which
corresponds to a change in loading of less than 5%. Thus, we take loading from
PWV as constant in this analysis. We can then write A2(χ) as:
A2(χ) = A2c cos(2χ)+A2s sin(2χ), (1)
where A2c = (c0 + c1PWV ) and A2s = (s0 + s1PWV ), and c0, c1, s0, and s1 are
constants. For our analysis, we use the measured PWV values from the Atacama
Pathfinder EXperiment (APEX) radiometer. The 2 f signal is clean, simple, and, to
a good approximation, independent of the demodulation process for CMB analysis
since the polarization modulation occurs at 4 f . This makes the 2 f signal an ideal
calibration source.
3.1 Data Selection
The 2 f signal can be used to determine if the detectors are biased and respond-
ing properly. For each bolometer, the A2c and A2s signals are characterized with
respect to PWV for each ∼hour-long constant elevation scan (CES) for each sub-
season of data as in Fig. 1. Due to discrete changes in responsivity over time that
are discussed in the next section, the data for the first two seasons of observation
are broken up into four sub-seasons for which the full analysis is repeated. The
A2c and A2s distributions are linearly fit for data with PWV values below 2.5 mm
to exclude possible nonlinearities in detector behavior at high loading. To remove
outliers, we perform a preliminary fit of the data and then use only the inner 85%
of the residuals to determine the optimal fit. The standard deviation of the residu-
als is determined for the A2c and A2s distributions for each detector, and detectors
with zero response are cut. In each sub-season, there are five to seven detectors
that do not operate properly at low PWV due to being improperly biased. These
4detectors are flagged as “type 1” detectors and reprocessed as in Fig. 2. The stan-
dard deviations of the A2c and A2s distributions (σcos and σsin respectively) are
used to make a statistical parameter χ2CES:
χ2CES =
(
A2c,CES −A2c, f it
σcos
)2
+
(
A2s,CES −A2s, f it
σsin
)2
, (2)
where A2c,CES and A2s,CES are the amplitudes of the cosine and sine components
for a given CES and A2c, f it and A2s, f it are the amplitudes from the fit at the given
PWV of the CES. Using the distributions of χ2CES for each detector and the entire
detector distribution, we determine the optimal χ2CES cutting threshold for each
sub-season. For all seasons, if χ2CES > 36.0, the detector timestream for the given
CES is cut. The reprocessed type 1 detectors in the second season require tighter
χ2CES constraints (χ2CES > 20.25) than nominal detectors, so all reprocessed detec-
tors remain flagged so that we can apply a separate variable cutting parameter.
Fig. 1: The A2c (blue) and A2s (red) signals for a single bolometer are plotted above
as a function of PWV with their fits. Each CES contributes a point to both the A2c
and A2s distributions. The vertical dotted line indicates the 2.5 mm PWV fitting
cutoff. The slopes of the A2c and A2s signals depend on the polarization angle of
the detector. (Color figure online.)
Additionally, the linear A2c and A2s fits from this data selection technique can
be used to recover the PWV for CESes where there are no APEX radiometer mea-
surements (∼ 8% of the total data). To determine the PWV, we take the median
value of the calculated PWV from a subset of 100 detectors that are highly sen-
sitive to the variation in PWV and are consistently well behaved throughout all
seasons. This method allows for a small number of the 100 detectors used to be
ill-behaved without affecting the PWV estimation. Once calculated, the PWV can
then be used to reject ill-behaved detectors that were not used in the PWV calcu-
lation.
5Fig. 2: One of the . 10 type 1 detectors is shown before (le f t) and after (right)
reprocessing with the regions of poor biasing excluded from the fit. (Color figure
online.)
3.2 Responsivity
In addition to data selection, the amplitude of the 2 f signal can also be used to
track the instrument responsivity over the three seasons of observations. The 2 f
signal as defined in Eq. (1) can be expressed in terms of an amplitude linear with
PWV and a constant phase. Using the 2 f amplitude data, we define four time
epochs of constant responsivity within the first two seasons of data. The duration
of each epoch is typically a few months, although the shortest one is two weeks.
While the responsivities of batch A detectors remain constant between epochs, the
2 f amplitudes of batch B detectors decay discretely between the four epochs of
constant responsivity (Fig. 3). Seasons 1 and 2 each have two stable epochs. The
discrete decays in responsivity of batch B detectors are consistent between both
the slope and y-intercept of the 2 f amplitude. The y-intercept of the 2 f ampli-
tude for each epoch is used as a measure of the responsivity of a detector in that
epoch relative to a given reference epoch. While we only use the 2 f amplitude
to track the responsivity between epochs in our responsivity model, it can also be
used to determine the relative responsivity of the detectors with respect to a ref-
erence detector. When this is done, the responsivity decay from the 2 f amplitude
between epochs for batch B detectors is consistent with that found in relative re-
sponsivity measurements performed with a polarizing wire grid [9]. We have not
yet identified the source of the variability, but note that each epoch of stable batch
B responsivity was preceded by a month or longer in which no observations were
made and the cryostat warmed to ambient temperature, after which the cryostat
was re-pumped to reach vacuum and cooled before resuming observations.
4 Summary
ABS observed the CMB for three seasons from the Atacama Desert and pioneered
the use of an ambient-temperature, continuously-rotating HWP for ground-based
CMB observations. In addition to allowing for the mitigation of systematic effects
and reducing the instrument’s 1/ f noise, the ABS HWP has provided new meth-
ods for instrument and detector characterization and calibration. We have demon-
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Fig. 3: The 2 f amplitude as a function of PWV for seasons 1 and 2 is plotted
above for a single batch B detector. The points range from early (dark blue) to late
(light blue) times. The responsivity decreases discretely in four distinct epochs.
(Color figure online.)
strated that the 2 f signal is ideal for calibration and can be used for data selection,
to recover missing PWV values, and to track detector responsivity changes.
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